The Ry adg allele is widely used by breeders to confer extreme resistance to all strains of PVY. However, the necrotic strain has increased recombination resulting in recent considerable losses in productivity. Thus far, not all necrotic recombinant strains of PVY have been tested for their reaction to the Ry gene. The objective of this study was to identify potato clones carrying the resistant allele and to assess their reaction to the following recombinant strains: NTN (PVY NTN ), Wilga (PVY N-Wi ), and "curly top" (PVY E ). Advanced clones from the potato breeding program at Universidade Federal de Lavras were evaluated through a specific molecular marker for the Ry adg allele. The clones carrying the resistance allele were grafted on tobacco plants infected with necrotic recombinant strains of PVY. The clones carrying the allele for resistance to PVY were not infected with any of the recombinants during the grafting test. These results confirm that resistance to necrotic recombinant strains has not yet been overcome and that the Ry adg allele also confers resistance to the three recombinant strains tested.
INTRODUCTION
The Potato virus Y (PVY) is the most economically important virus in potato crops causing a series of symptoms that vary considerably due to the wide genetic variability that occurs within potato species. This variability occurs through phenomena such as mutation, recombination of genomic segments, and association of genomic segments, resulting in the emergence of new recombinant strains that are sometimes called genetic subgroups and which can cause considerable losses in production (Glais, Tribodet; Kerlan, 2002) . The following three classical strains of PVY are the best known: PVY C , PVY O and PVY N . These strains were named according to the symptoms they cause in potato and tobacco (Nicotiana tabacum) plants, which are the main indicators of infection with these strains. In Hungary during the 1980s, Beczner et al. (1984) detected the first variant of PVY necrotic strains, called PVY NTN , which is capable of causing necrotic ringspots (potato tuber ringspot disease; PTNRD) on the surface of tubers. When molecularly characterized, several PVY NTN isolates have been described as recombinant PVY N and PVY O because they present three or four recombination junctions (RJs) in different regions of the genome (Glais; Tribodet; Kerlan, 2002; Nie; Singh, 2004; Lorenzen et al., 2006a; Kerlan et al., 2006; Schubert; Fomitcheva; Sztangret-Wisniewska 2007; Singh et al., 2008) . Currently, this recombinant is described in several potato fields around the world, including Brazil, 344 Ciênc. Agrotec., Lavras, v.38, n.4, p.343-351, jul./ago., 2014 where several recombinant isolates have already been reported to exist throughout almost the entire country (Galvino-Costa et al., 2012a,b) .
In Poland in 1991, another necrotic recombinant was detected for the first time in the Wilga cultivar and was named PVY "Wilga" (PVY N-Wi ) (Chrzanowska, 1991) . PVY N-Wi may or may not cause symptoms in tubers. This recombinant also represents a combination of PVY O and PVY N genomic segments organized between two RJs with the major part of its genome belonging to the PVY O strain group, which explains the O serology found for these isolates. Although the PVY O exerts a serological reaction, biologically it is able to induce vein necrosis in tobacco plants, which is a typical reaction reported for necrotic isolates. PVY isolates that share these same features have been reported in North American countries. However, the genomes of these PVY isolates have only one RJ and are named PVY N:O (Singh et al., 2008; Gray et al., 2010) .
In addition to the main recombinant strains, PVY NTN and PVY N-Wi /PVY N:O , at least three more recombinant types have been classified as belonging to the PVY necrotic group. One of these types, namely PVY NE-11 (Lorenzen et al., 2008) , is considered a recombinant isolate with an intermediate genome between the North American necrotic strain (PVY N-NA ) (Lorenzen et al., 2006b) , the regular European PVY N strain (Glais; Tribodet; Kerlan, 2002) and an unknown PVY parental strain. The beginning of the PVY genome sequence is identical to that of PVY N , and the subsequent nucleotides are similar to PVY NA-N , but the coat protein region is not similar to any previously described PVY sequence because the 3'end region (CP/ UTR) is unique to the PVY NE-11 type. Another new PVY recombinant has been identified in Syria with a PVY O serological behavior and an ability to induce necrotic symptoms in tobacco leafs and PTNRD in tubers. These serological and biological behaviors result from a recombination that occurred between the PVY NTN and PVY N-Wi types, which generated atypical Syrian isolates described above, and are denominated as PVY NTN-NW (Ali et al., 2010) . The most recently described PVY recombinant has been reported in Brazil, and this recombinant has a unique genomic structure composed of segments of the PVY NTN and PVY NE-11 genomes (Galvino-Costa et al., 2012a) . These isolates have been known for a long time in the Brazilian fields as a "Potato Curly Top" virus due to the severe symptoms caused in infected potato plants (SouzaDias, 2006 The differentiation among these recombinant strains is becoming more and more complicated, and the easiest and most effective methods of detection are those based on the molecular structure of the PVY genome. Several types of RT-PCR multiplex assays have been reported to be the simplest way to separate the PVY strains and its recombinants (Weidemann; Maiss, 1996; Weilguny; Singh, 1998; Boonham et al., 2002; Lorenzen et al., 2006a, b; Kogovšek et al., 2008 (Ávila et al., 2009; Sawazaki et al., 2009; GalvinoCosta et al., 2012a, b) .
Phytovirus control measures are essentially preventive and are extremely important in preventing or at least reducing losses in potato production. Thus, the most efficient control strategy is the incorporation of genetic resistance in commercial cultivars, thus decreasing the use of chemicals to control vectors, which has been inefficient.
Three Ry genes that confer resistance to PVY have been located by the molecular mapping of potato chromosomes. Ry sto (also called Ry-f sto ) from Solanum stoloniferum and Ry adg from S. tuberosum ssp. andigena have been mapped on chromosomes XII (Flis et al., 2005; Song et al., 2005) and XI (Hämäläinen et al., 1997) , respectively, and Ry chc derived from S. chacoense has been mapped at the end of chromosome IX (Sato et al., 2006) . Brigneti, Garcia and Baulcombe (1997) showed that Ry sto is also located in the same region as Ry adg on chromosome XI . However, Valkonen et al. (2008) , using markers developed for gene mapping experiments in Ry adg S. stoloniferum, could not confirm the Ry sto gene location on chromosome XI in potatoes.
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Ciênc. Agrotec., Lavras, v.38, n.4, p.343-351, jul./ago., 2014 There are available molecular markers for the Ry adg and Ry sto genes that can select genotypes that are resistant to PVY. Sorri, Watanabe and Valkonen (1999) identified a CAPS marker, which is designated ADG2/ BbvI, linked to the Ry adg resistance gene and Kasai et al. (2000) developed the SCAR markers, RYSC3 and RYSC4, for the same gene (RYSCR), which has been widely used by plant breeders for its high selection efficiency and with different objectives as follows: determining the genetic constitution of PVY-resistant clones derived from two-parent crosses through the analysis of progeny (Ribeiro et al., 2006; Andrade et al., 2009 ), screening of PVY resistance genes in GenBank (Dalla Rizza et al., 2006; Whitworth et al., 2009 ) and detecting markers that are closely linked to genes imparting resistance to multiple pathogens, including the Ry adg , Gro1 (confers resistance to nematodes of the Globodera genus) and Rx1 genes for extreme resistance to PVX (Gebhardt et al., 2006) . Ottoman et al. (2009) also used this marker for the validation and implementation of marker-assisted selection in the selection of tetraploid potato genotypes in breeding programs.
For the Ry sto gene, Song et al. (2005) found a polymorphism in the F 1 segregating population and parental clones using the SSR primer pair, ST M0003 (Milbourne et al., 1998) , and Cernák et al. (2008) developed a SCAR marker linked to the Ry sto gene based on sequence information for the RAPD marker linked to the gene.
Due to the recent emergence of several new PVY recombinant strains, it is necessary to verify whether the Ry adg resistance allele only provides protection to nonrecombinant PVY strains or if the new recombinant types will be able to overcome the resistance conferred by this gene. Therefore, the selection of potato clones carrying the Ry adg allele and the subsequent evaluation of the biological reaction induced by the necrotic recombinant strains of PVY in these clones are considered to be valuable goals for potato breeding programs. In addition to the genomic recombination, the new PVY recombinant strains may have single or multiple mutations throughout their genomes that sometimes modify the amino acid sequences and potentially culminate in different proteins. Because any genetic determinants in the PVY genomes were once defined as being responsible for the necrotic PVY phenotypes induced in potato cultivars, it is impossible to predict how the plants carrying the resistance mediated by Ry adg gene will behave when infected with the PVY recombinants. Several potential genetic determinants have been reported (Tribodet et al., 2005; Hu et al., 2009 ), but no final conclusion has been made. 
.
MATERIAL AND METHODS
The present study was conducted in greenhouses located in the Departments of Plant Pathology and Biology in the Laboratory of Molecular Genetics (DBI) and the Laboratory of Molecular Virology (DFP) located at the Universidade Federal de Lavras (UFLA).
Thirty seven clones from the UFLA potato breeding program were evaluated, namely, OAS (Silva, Pinto; Figueira, 2000) , JUG (Gadum; Diniz, 2003) and MCR Lambert, 2006) . All of these clones originated from biparental crosses between clones immune to viruses X and Y in simplex conditions. Moreover, these clones also present other traits of interest, such as early maturity, heat tolerance, resistance to early blight (Alternaria solani) and resistance to nematodes (CIP, 1990) . CBM clones were also evaluated (Menezes; Pinto; Lambert, 2001) even though they have not been assessed for any of the important potato viral diseases. The CBM clones were derived from biparental crosses involving the heat tolerant clones LT-7, LT-8, LT-9 (having immunity to virus X and Y) and DTO-28 from the Centro Internacional de La Papa (CIP) crossed with Desireé, Baraka, Aracy, Itararé and Baronesa cultivars at the UFLA.
Three tubers from each clone were subjected to a DAS-ELISA serological test (Clark; Adams, 1977) employing polyclonal antiserum (Bioreba) specific to PVY and also to the PLRV, PVX and PVS viruses. All clones were also subjected to a molecular test to ascertain the presence or absence of the Ry adg resistance allele. The SCAR primer pair, RYSC3 (Kasai et al., 2000) , was used as a specific marker for the Ry adg allele. The Chiquita cultivar was used as a PVY-susceptible control, and the XY9 clone was used as a PVY-resistant control.
DNA extraction followed the methodology described by Ferreira and Grattapaglia (1998) with modifications. PCR was set up with a total volume of 20 μL as follows: 4.0 µL of 5X PCR Buffer; 1.2 µL of MgCl 2 (25 mM); 4 μL of dNTPs (10 mM); 1.0 µL of each primer; 0.25 µL of Go Taq ® flexi DNA polymerase; and 1 μL of genomic DNA. Ultrapure water was used to make up the total volume of the reaction. The following program was used for PCR reactions: 95°C for 2 minutes for initial denaturation; 30 cycles at 95°C for 1 minute, 50°C for 45 Ciênc. Agrotec., Lavras, v.38, n.4, p.343-351, jul./ago., 2014 seconds and 72ºC for 45 seconds; and 72°C for 7 minutes for final extension. The products obtained from this DNA amplification reaction were analyzed by electrophoresis using agarose gels stained with 1% GelRed Nucleic Acid Gel Stain.
Evaluation of clones resistant to necrotic recombinant strains of PVY
Clones that showed a specific band for the Ry adg alleles were tested by grafting to tobacco plants (Nicotiana tabacum cv. Turkish NN-TNN) infected with the recombinant strain of PVY from the virus collection of the Department of Plant Pathology/UFLA. The following virus isolates were used: (1) N -specific monoclonal antibody (SASA-N) despite having a NTN genome. This behavior may be due to a point mutation located in the CP gene, as has been described for the PVY-AST isolate recently studied in Brazil (Galvino-Costa et al., 2012a).
In the greenhouse, tobacco seedlings were mechanically inoculated with the necrotic recombinant PVY isolates when they reached the three-or four-leaf stage. Two tobacco plants were used for each clone and control sample in each group of recombinant strains. Fifteen certifiedhealthy potato tubers from the Ágata cultivar (susceptible) were planted as control samples along with 15 tubers of the XY9 clone with immunity to PVY.
The plants were observed until the onset of typical symptoms induced by the inoculated virus, at which point grafting was performed on top of infected tobacco plants. After 30 to 40 days, the leaves of grafted stems were subjected to a DAS-ELISA to test whether there was translocation of the virus.
RESULTS AND DISCUSSION

Serologic Test: DAS-ELISA
Based on serological results, the positive reaction against the PVY polyclonal antibody occurred for two of 12 OAS clones, five of 20 JUG clones and one of five MCR clones. Among all clones, only JUG 6-19 was infected with PVX suggesting that some clones have the allele for resistance to virus Y and even PVX. In contrast, the CBM clones showed a high frequency (16/31) of infection with PVY.
For the S virus, all CBM, OAS, JUG (except JUG 6-17) and MCR clones showed a positive reaction and high values of absorbance in the test, which commonly occurs with materials that have been multiplied many times in the field.
Although serologic testing was performed for the four viruses, this study considered only the reaction of clones to PVY. Even clones that showed a positive reaction to PVY underwent molecular testing for the Ry adg allele to avoid false positives, which can occur in such tests.
Identification of clones carrying the Ry adg allele
The RYCS3 marker for the allele that confers extreme resistance to PVY (Ry adg ) produces a single band of 321 bp, which is absent in susceptible genotypes. Of the 31 CBM clones, seven were carriers of the Ry adg allele ( Figure 1A ). For the other clones, the proportions were 8/12 for OAS ( Figure 1B) , 4/5 for MCR ( Figure 1C ) and 15/20 for JUG ( Figure 1D ). This result was expected in light of the OAS, JUG and MCR clones being descendants parents with resistance to this virus. In contrast, the majority of the CBM clones did not show the band for the Ry adg allele.
According to Cockerham (1970) , Ry genes control a type of extreme resistance that provided complete protection to all PVY strains tested at the time of the study, which likely included only the non-recombinant strains (PVY C , PVY O and PVY N ) that had been reported. The most widely used gene in breeding programs is Ry adg gene, which originates from S. tuberosum spp. andigena (Muñoz, Plainsted; Thurston 1975) and the Ry sto gene, which originates from S. stoloniferum (Cockerham, 1970) . These two genes have the advantage of conferring resistance to PVY in its simplex form (Ry ry ry ry). In the absence of contradictory reports, these genes are assumed to be quite stable. They are, therefore, unlike other genes such as Ny tbr (Beemster, De Bokx, 1987) , which is found in cultivars such as Pentland Crown and in wild species, including S. chacoense, S. demissum, and S. tuberosum ssp. andigena (Cockerham, 1970) , whose resistance has been overcome by the PVY N strain, Baldauf (2006) also demonstrated that the Ny tbr gene, which is found in the Allegany cultivar, had its resistance overcome by various American isolates of PVY. However, no isolate that causes necrosis in the tubers of the Yukon Gold cultivar is able to overcome the resistance conferred by the Ry adg gene. Ciênc. Agrotec., Lavras, v.38, n.4, p.343-351, jul./ago., 2014 Molecular marker-assisted selection (MAS) has been widely used in breeding programs due to the speed and efficiency with which carriers of disease resistance alleles can be identified by this method. For PVY, some molecular markers for resistance to this virus have already been developed. Using RFLP analysis, Hämäläinen et al. (1997) identified a marker on chromosome XI, TG508, which is strongly linked to the Ry adg locus at an estimated distance of 2 cM. This marker has been used to develop a DNA fragment, ADG2, which is located in a family of resistance genes on chromosome XI (Hämäläinen et al., 1998) . From this DNA fragment, Sorri, Watanabe and Valkonen (1999) developed a CAPS marker designated ADG2/BbvI, which is linked to the Ry adg resistance gene. This marker amplifies an undigested product of 355 bp, which is associated with resistance to PVY (via the Ry adg gene), and digestion with the BbvI enzyme produces two bands of 270 and 85 bp, which are associated with susceptibility to PVY.
The most efficient molecular marker for PVY resistance is the SCAR marker (RYSC3) developed by Kasai et al. (2000) . This marker is found within the Ry adg gene, which makes it ideal for selecting genotypes resistant to this virus because no recombination between the gene and the band can occur. Besides, the amplified band was sharp in resistant individuals and absent in susceptible ones, thereby making it easy to use in potato breeding. These results highlighted the efficiency of this marker and agreed with other studies in literature where the efficiency of the marker in detecting resistant genotypes has been estimated at 99,7% (Boris et al., 2009; Whitworth et al., 2009 Gebhardt et al. (2006) , who used the same parents of this cross but inoculated by grafting other isolates of PVY N . The ELISA test was performed three to five weeks after grafting and identified the negative individuals who underwent evaluation with the RYSC3 molecular marker, which indicated the presence of the 321 bp band characteristic of the Ry adg allele. In the present study, all clones that showed this band were resistant when inoculated with all PVY isolates tested.
Evaluation of the biological reaction of the clones to the necrotic recombinant strains of PVY
The results of the DAS-ELISA serological test performed on stem leaves 30 and 40 days after grafting onto tobacco plants infected with PVY necrotic strains and variants showed no translocation of the virus to the stems of the clones carrying the resistance allele. The test results were all negative and were confirmed by the absence of symptoms of the virus. The same result occurred for the XY9 resistant sample, but the opposite result occurred with the stems of cv. Ágata, which tested positive in the serological test in response to grafting onto contaminated tobacco plants.
The symptoms presented by the stems of potato cv. Ágata after fixation of the grafts were consistent with the typical symptoms of PVY. However, there were variations in intensity depending on the isolate of the virus used to inoculate the tobacco plants (Figure 2 ). The stems of the Because this experiment used only the stems of potato plants, the main symptom of PVY NTN , namely, necrotic rings in tubers (potato tuber necrotic ringspot disease; PTNRD), could not be observed. However, we found severe mosaic patterns, decreased growth, severe leaf deformation and shriveled stems in plants infected with this isolate (Figure 2 -C1) .
When the test sample was grafted onto susceptible tobacco plants infected with the PVY E recombinant, the new leaflets presented not only mosaic patterns but also leaf roll, dwarfism, drastically decreased leaf area and drastically decreased stem curling, which are symptoms characteristic of this variant known in Brazil as "Potato Curly Top" (Figure 2 -D1) .
The positive serological results together with the symptoms displayed by the susceptible control sample after grafting for all tested recombinant strains demonstrated that the absence of the Ry adg allele allowed translocation of the virus. The genotypes carrying the resistant allele did not present symptoms induced by any type of PVY ( Figure  2 -A2 (Ávila et al., 2009; Sawazaki et al., 2009; Galvino-Costa et al., 2012a, b) . The PVY E isolates were initially misidentified as PVY in 2009 because of the specific PVY NE-11 fragments amplified by two primer pairs described by Lorenzen et al. (2008) . Recently, a systematic study of these isolates, including the PVY-AGA isolate used in the present work, has shown that their genomes consist of a new type of genomic structure originating from a combination of the PVY NTN and PVY NE-11 segments. The recombination event generated a new recombinant genome with two pieces belonging to PVY NTN (the first consisting of nt 1 -6754, and the second consisting of nt 7642 -8118) and another two pieces belonging to PVY (the first consisting of nt 6755 -7641, and the second consisting of nt 8118 -UTR5'). This type of structure has been associated with the PVY E genetic strain based only on biological features (Singh et al., 2008; Galvino-Costa et al., 2012a) . Until now, these isolates have only been reported in Brazil. 
CONCLUSIONS
We identified a number of clones bearing the Ry adg allele which can be used as parents to advance the potato breeding program.
The Ry adg allele confers resistance to necrotic strains of PVY and suggest that this resistance extends to the necrotic recombinant strains examined, namely, NTN (PVY NTN ), Wilga (PVY N-Wi ) and the new strain PVY E , for which no evaluation of resistance has been reported.
